ATP binding cassette (ABC) transporters form one of the largest families of membrane transport proteins and are expressed in all organisms. They have been studied extensively and play a vital role in many cellular processes. ABC transporters are responsible for the multidrug resistance of cancer cells 1) but may also be capable of transporting several substrates such as metal ions, peptides, amino acids, sugars, and a large number of hydrophobic compounds and metabolites across the plasma membrane as well as intracellular membranes.
ATP binding cassette (ABC) transporters form one of the largest families of membrane transport proteins and are expressed in all organisms. They have been studied extensively and play a vital role in many cellular processes. ABC transporters are responsible for the multidrug resistance of cancer cells 1) but may also be capable of transporting several substrates such as metal ions, peptides, amino acids, sugars, and a large number of hydrophobic compounds and metabolites across the plasma membrane as well as intracellular membranes.
2) ABC transporters play important roles in the defense mechanisms of several tissues through the excretion of toxic compounds and their metabolites. 3, 4) In addition, the expression levels of the transporters are tightly regulated during tissue defense. 5) P-Glycoprotein (P-gp) is a typical ABC transporter. P-gp, which plays a very important role in drug therapy, was first discovered in 1976 as an efflux pump in a colchicine-resistant cell line, and 10 years later, the gene for P-gp was encoded. It is the most extensively studied of all of the ABC transporters.
During small intestine grafting, rejection and ischemia/ reperfusion (I/R) injury are important problems. Immunosuppressive therapy is always required after transplantation. Since transplantation depends on a delicate balance between immunosuppression and rejection, the maintenance of adequate blood concentrations of immunosuppressants is critical. Cyclosporine A and tacrolimus are representative P-gp substrates. Therefore, P-gp controls the efficacies of these immunosuppressants. Information about the changes in P-gp induced by intestinal I/R would be useful for clinicians performing immunosuppressive therapy. We previously reported in in vitro 6) and in vivo [7] [8] [9] studies that I/R influences the function and expression of P-gp. In these reports, a correlation was found between the function of P-gp 1 h after reperfusion and the expression level of P-gp, but no such relationship was recognized 24 h after reperfusion. 7, 8) It was suggested that this was due to functional abnormalities or abnormal localization of P-gp.
In the present study, we examined whether abnormal P-gp localization is induced by intestinal I/R. Moreover, the mechanism and factors responsible for this phenomenon were also examined.
MATERIALS AND METHODS

Materials
All reagents were of analytical grade or better. Animals and Experimental Design Male Wistar/ST rats (8 weeks old) were purchased from Japan SLC Ltd. (Shizuoka, Japan). All animal experiments were performed according to the guidelines of Tokyo University of Pharmacy and Life Sciences. The animals were fasted for 18 h before the start of the experiment. Water was given freely during fasting. We have previously reported an in vivo intestinal I/R model that was produced using a spring scale and surgical sutures. [7] [8] [9] Briefly, the superior mesenteric artery and vein in rats were occluded by lifting them using surgical-sutures (Natsume No. 3) connected to a spring balance for 1 h (ischemia condition), before reperfusion was induced by cutting the sutures (reperfusion conditions). Fifty grams (50 g load group) and 100 g (100 g load group) were adopted as the blood vessel hanging forces during ischemia. All experiments were performed under anesthesia with Somnopentyl ® (pentobarbital sodium, 50 mg/kg), and body temperature was maintained at 37°C with a heat lamp.
Separation of Membrane Fractions
An in situ ileum loop (60 cm length) was isolated in each rat 1 h after reperfusion and was homogenized in buffer containing 0.05 mg/ml phenylmethylsulfonylfluoride, 300 mM mannitol, 12 mM Tris, and 5 mM ethylene glycol bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA) (pH 7.1) with a tissue homogenizer. The brush border membrane (BBM) was prepared from the ileum using magnesium chloride precipitation, [10] [11] [12] and the basolateral membrane (BLM) was prepared from the ileum using the method of Orsenigo et al. 13) with slight modifications.
Determination of Alkaline Phosphatase (ALP) and Na
؉ ؉
/K
؉ ؉ ATPase Activity The ALP activity in the ileal homogenate and the BBM and BLM fractions were measured using the Alkaline phosphatase-K-Test Wako Kit, according to the manufacturer's protocol (Wako, Osaka, Japan). ALP activity was calculated by comparisons with standard solutions of p-nitrophenyl phosphate. The Na ϩ /K ϩ ATPase activities in the homogenate and the BBM and BLM fractions were measured using the method of Kramer et al. 14) with slight modifications.
Western Blotting The protein expression levels of P-gp in the ileal homogenate and the BBM and BLM fractions were evaluated by Western blotting. Western blotting was performed using C219 monoclonal antibody for P-gp (Alexis, San Diego, U.S.A.), as reported previously. 7, 8, 10) Preparation of RNA and cDNA Synthesis Total RNA was isolated from ileal specimens using TRIzol reagent (Invitrogen Co., Ltd., Paisley, U.K.), according to the manufacturer's instructions. Complementary DNA (cDNA) was prepared from total RNA using GeneAmp9600 (Applied Biosystems, Foster City, CA, U.S.A.) for real-time polymerase chain reaction (PCR) according to the manufacturer's instructions. The two-step reaction mixture contained 2 mg RNA, 100 ng random hexamers, 0.5 mM deoxyribonucleotide triphosphate (dNTP) mix (deoxyadenosine triphosphate (dATP), deoxycytidine triphosphate (dCTP), deoxyguanosine triphosphate (dGTP), thymidine triphosphate (dTTP)), 10 mM Tris-HCl (pH 8.4), 25 mM KCl, 5 mM MgCl 2 , 10 mM dithiothreitol (DTT), and 10 units RNaseOUT recombinant ribonuclease inhibitor.
Analysis of Intestinal Gene Expression Level by the Quantitative Reverse Transcription-Polymerase chain Reaction (RT-PCR)
To perform the real-time RT-PCR, 96 well reaction plates with optical adhesive covers were used together with the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, U.S.A.). Assay on-Demand Gene Expression Products were purchased for interleukin (IL)-1b, IL-6, tumor necrosis factor (TNF)-a, nuclear factor (NF)-kB, multidrug resistance (mdr)-1a, mdr1b, mdr-2, sister P-gp (spgp), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ( Table 1 ) (Sigma-Aldrich, Tokyo, Japan). Reverse transcription was performed for 1 mg of RNA using a cDNA High Capacity Archive kit (Applied Biosystems, Foster City, CA, U.S.A.) and random hexamers as primers. Quantitative PCR was performed on an SDS 7000 system from Applied Biosystems using Universal MasterMix (Applied Biosystems). The PCR-conditions were 10 min at 90°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. All assays were RNA-specific (spanning exon-exon junctions) pre-designed TaqMan Gene Expression Assays from Applied Biosystems ( Table 1) .
Determination of Nitrite/Nitrate Nitric oxide (NO) production was quantified as the nitrite/nitrate (NO 2 /NO 3 ) concentration in phosphate-buffered saline in the ileal loop (10-cm length) and plasma. The nitrite/nitrate concentration in the samples were measured using the Griess reaction with the fluorometric NO 2 /NO 3 Assay Kit-FX, according to the manufacturer's protocol (Dojindo, Kumamoto, Japan). The nitrite/nitrate concentration was calculated by comparisons with standard solutions of sodium nitrite prepared in saline solution.
Statistical Analysis All results are expressed as the mean valueϮstandard error (meanϮS.E.). Statistical significance between groups was analyzed using Tukey's test, and p values less than 0.05 were considered to be significant. The ALP activity in the BBM was 7.4-8.8 times higher than that in the homogenates and the BLM, and the Na
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ATPase activity in the BLM was 5.3-7.5 times higher than that in the homogenates and the BBM (Fig. 1) .
Protein Expression Levels of P-gp in the Ileal Fractions
The protein expression levels of P-gp were measured in the homogenate and the BBM and BLM fractions and were found to be about 7 times higher in the BBM than in the other fractions (Fig. 2) .
Effects of Intestinal I/R on the Protein Expression Levels of P-gp in the Ileal Homogenate and BBM
The protein expression levels of P-gp in the ileal homogenate and the BBM fraction were measured at 1, 3, and 24 h after reperfusion (Fig. 3) . The P-gp levels in both the homogenate and BBM fraction were significantly decreased compared with the control (without ischemia) at 1 and 3 h after reperfusion (Figs. 3a, b) . Twenty-four hours after reperfusion, no significant difference was observed in the homogenate or in the BBM of the 50 g load group, but a significant decrease was detected in the BBM of the 100 g load group (Fig. 3c) .
Effect of Intestinal I/R on the Protein Expression Level of P-gp in the Ileal BLM No significant difference in the P-gp protein expression level in the ileal BLM was found at 1 or 3 h after reperfusion (Figs. 4a, b) . However, 24 h after reperfusion, the level in the 100 g load group was significantly increased compared with that observed under control conditions (Fig. 4c) .
Effect of Intestinal I/R on the mRNA Expression Levels of Inflammatory Cytokines
The mRNA expression levels of IL-1b, IL-6, TNF-a, and NF-kB detected in the ileum from 0 to 24 h after reperfusion are shown in Fig. 5 . The mRNA expression levels of all cytokines were significantly increased by intestinal I/R compared with the control conditions. In particular, in the 100 g load group, significant increases were observed for all cytokines except IL-1b. The mRNA levels of IL-1b, IL-6, and NF-kB peaked at 3 h after reperfusion and returned to the control level by 12 h after reperfusion. The mRNA level of TNF-a was 10 times greater than the control level 1 h after reperfusion and returned to the control level by 12 h after reperfusion (Fig. 5) .
Determination of Nitrite/Nitrate in Ileal Perfusate
The amount of nitrite/nitrate that leaked into the ileal loop is shown in Fig. 6 . The amounts were significantly increased in a hanging force dependent manner during ischemia compared with the control conditions at 1 h after reperfusion. The significant increase was maintained at 3 and 24 h after reperfusion (Fig. 6) .
Effect of Intestinal I/R on the mRNA Expression Level of mdr The mRNA expression levels of mdr-1a, mdr-1b, mdr-2, and spgp in the ileum were measured up to 24 h after reperfusion (Fig. 7) . The changes in the expression level of mdr-1a mRNA were independent of time after reperfusion and hanging force. The expression levels of the other 3 genes were significantly increased by intestinal I/R compared with the control conditions. In particular, the levels of mdr-1b and mdr-2 were about 3 times and about 2.5 times higher than the control level, respectively, at 3 h after reperfusion. The level of spgp were significantly increased compared with control, but its expression pattern was different from those of the other genes, peaking at 1 to 3 h after reperfusion. The levels of mdr-1b, mdr-2, and spgp returned to the control level by 12 h after reperfusion (Fig. 7) .
DISCUSSION
Since many P-gp related drug-drug interactions have been reported, 15, 16) P-gp is considered to be the most important ABC transporter with regard to drug efficacy. Therefore, it is thought that information on the changes in P-gp expression and localization induced by diseases would be useful for clinicians performing drug therapy. In the present study, we examined the possibility of changes in the localization of P-gp being induced by intestinal I/R.
By comparing the activation of specific enzymes among 3 fractions of the ileal membrane, ileal homogenate and the BBM and BLM fractions, we confirmed that ALP activity was highest in the BBM and Na ϩ /K ϩ ATPase activity was highest in the BLM (Fig. 1) . These results show that the BBM and BLM fractions were isolated appropriately. No significant difference in the P-gp protein levels obtained by Western blot analysis was observed between the homogenate and the BLM, but the P-gp protein level was much higher in the BBM than in the other fractions.
We examined the changes in the protein expression of P-gp induced by intestinal I/R. At 1 and 3 h after reperfusion, significant decreases in the P-gp expression levels of the homogenates and BBM were induced in a hanging forcedependent manner during ischemia. However, 24 h after reperfusion, the protein expression levels of P-gp increased in the homogenate and decreased in the BBM. On the other hand, we previously reported a change in the function of P-gp; i.e., a decrease in its ability to excrete the P-gp substrate rhodamine 123 after intestinal I/R. 7, 8) Taking the results of our present and previous reports together, at 1 and 3 h after reperfusion, a good correlation was found between the function and expression levels of P-gp. However, no such correlation was detected at 24 h after reperfusion. Since a decrease in the P-gp protein expression level of the BBM was induced by intestinal I/R, we also examined the changes in the P-gp protein expression level in the BLM. In the BLM, no change in the P-gp protein expression levels was observed at 1 or 3 h after reperfusion (Figs. 4a, b) , but a significant increase was observed at 24 h after reperfusion. These results showed that the abnormal localization of P-gp was induced by intestinal I/R.
In this study, the P-gp expression level was examined by Western blot analysis using C219. Three mdr genes have been reported in rodents: mdr1a (or mdr3), mdr1b (mdr1), and mdr2, and the mdr1a and mdr1b genes encode a phospholipid translocator. 17) C219, which was used as an anti-P-gp antibody in this study, cross-reacts with the products of these three mdr genes. Also, in Western blotting, C219 recognizes sister P-gp, a major bile canalicular salt export pump (bsep) of the mammalian liver that is closely related to the P-gp family. 18) It is reported that sister P-gp is also expressed in the rat intestine. 17) Therefore, not only P-gp expression but also sister P-gp expression was altered in the rat BBM by intestinal I/R in the present study. Thus, the changes in the expression levels of mdr-1a, mdr-1b, mdr-2, and spgp mRNA induced by intestinal I/R were examined to clarify which genes affect the localization of P-gp. No significant change was found in the expression pattern of mdr-1a mRNA, but the expression levels of mdr-1b and mdr-2 mRNA were significantly increased. These results suggest the possibility that the increase of P-gp protein expression level was caused by mdr-1b and mdr-2 mRNA.
It has been reported that cytokines and NO induce changes in the expression and localization of membrane proteins. [19] [20] [21] The mRNA expression levels of inflammatory cytokines such as IL-6 were significantly increased by intestinal I/R (Fig. 5) . In particular, the change in TNF-a mRNA expression, which influences P-gp, was extremely large (Fig. 5) . On the other hand, NO generation was significantly increased soon after the start of reperfusion, and the increase in the NO level was maintained until 24 h after reperfusion (Fig. 6) . These results suggest that cytokines and NO induce the abnormal localization of P-gp during intestinal I/R.
Using models of oxidative stress induced by ethacrynic acid 22) or lipopolysaccharide, the induction of internalization of Mrp2, an ABC transporter, has been reported in the liver. 23, 24) Therefore, it is considered that the abnormal localization of P-gp during intestinal I/R occurs as a result of internalization induced by reactive oxygen species such as NO. It has been reported that the internalization of claudin-1, a tight junction component, decreases the transepithelial electric resistance of cells 25) and that the internalization of claudin-16 alters the amount of Mg 2ϩ imported into cells. 26) Because the abnormal localization of membrane protein such as claudin family and transporters may induce other disease, it is very important to clarify the abnormal localization of membrane protein in various disease.
In conclusion, it was shown that mdr-1b and mdr-2 mRNA strongly participate in the recovery of P-gp protein level after intestinal I/R. We detected the abnormal localization of P-gp in the ileal membrane during intestinal I/R, suggesting NO and/or inflammatory cytokines participate in the abnormal localization of P-gp. 
